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(54) Interconnection in semiconductor device and method of manufacturing the same 

(57) Disclosed is a semiconductor device compris- 
ing a semiconductor substrate (1). an interlayer insulat- 
ing film (4) formed on one main surface of the 
semiconductor substrate (1) and having a concave por- 
tion, a liner film (6) formed on the inner surface of the 
concave portion, a wiring layer (9) formed inside the 
concave portion with the liner film (6) interposed there- 
between, and an agglomeration suppressing material 
contained in the wiring layer (9) for suppressing agglom- 
eration of the material constituting the wiring layer (9). 
The agglomeration suppressing material is selected 
from the group consisting of O, N, Nb, Ta, Ti, W and C. 
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Description 

[0001 ] The present invention relates to a semiconductor device having a wiring structure prepared by filling a con- 
cave portion such as a connection hole, a wiring groove, or a combination of a connection hole and a wiring groove con- 

5 nected to the connection hole with a conductive film, and a method of manufacturing the same. 

[0002] An AJ wiring is widely used in a semiconductor device. Recently, an Al wiring made of an Al-based alloy is 
widely used in a semiconductor device. As a multi-layer wiring, used is an Al wiring of a laminate structure (hereinafter 
referred to as "AI-RIE wiring) consisting of a barrier metal lower layer consisting of, for example, a TiN film and serving 
to suppress the reaction with the wiring and an upper layer consisting of an Al film and acting as a reflection preventing 

10 film for suppressing the irregular reflection of light in the lithography process and prepared by applying RIE to the lam- 
inate structure. 

[0003] However, the AI-RIE wiring is defective in that the presence of the barrier metal film and the reflection pre- 
venting film causes a substantial cross sectional area of the AI-RIE wiring contributing to the electrical connection to be 
diminished so as to increase the wiring resistance. Also, the RIE reaction product is deposited on the wiring side wall 

is in the RIE step so as to decrease the substantial Al cross sectional area and, thus, to increase the wiring resistance. 
[0004] It was customary in the past to use a W-CVD technology for forming a W film by CVD excellent in the step 
coverage properties as a technology for forming a plug electrode connected to the AI-RIE wiring. However, the W plug 
electrode is defective in that the electrode exhibits a high resistance and is poor in resistance to EM (electromigration). 
[0005] EM is the phenomenon that, during flow of current through the Al wiring, electrons collide against the Al 

20 atom so as to move the Al atom. W is unlikely to bring about EM, compared with AL Therefore, if a W plug is used for 
connecting the upper and lower Al wirings, the W plug electrode provides a diffusion barrier of Al atoms, with the result 
that Al atoms are accumulated on the upstream side of the Al atom stream and Al depletion takes place on the down- 
stream side. The accumulation and depletion of Al cause hillock and void, respectively. The progress of hillock causes 
short-circuiting of the Al wirings. Also, the progress of void causes breakage of the Al wiring. 

25 [0006] On the other hand, an Al ref low technology is known to the art as a technology for forming within a connec- 
tion hole an Al plug electrode having a resistance lower than that of the W plug electrode. In the Al ref low technology, 
which utilizes the f luidizing properties of the Al film, an Al film is filled in the connection hole by heating a semiconductor 
substrate. 

[0007] Further, a 2-step Al ref low technology, in which an Al film is formed by a sputtering method under no heating, 
30 followed by forming another Al film by a sputtering method while heating a semiconductor substrate, is known to the art 
as an Al ref low technology that permits lowering the f luidizing temperature of Al and is expected to fill a connection hole 
having a high aspect ratio. 

[0008] Application of the Al reflow technology to formation of a dual damascene structure (DD structure) is now 
under study. For forming a DD structure by utilizing the Al reflow technology, a connection hole and a wiring groove, 

35 which are hereinafter collectively referred to as "concave portion", are formed in an interlayer insulating film, followed 
by forming an Al film by a sputtering method to fill the concave portion and subsequently removing the excess Al film 
positioned outside the concave portion by CMP (Chemical Mechanical Polishing). The particular technology is advan- 
tageous in that the number of process steps can be decreased and the manufacturing cost can be reduced. 
[0009] The Al reflow technology in which an Al film is formed by a sputtering method is originally low in the step cov- 

40 erage properties of the Al film. As a result, the Al film is formed thin in the bottom portion of the connection hole, and 
the Al agglomeration takes place in the heating step of the semiconductor substrate so as to generate voids within the 
connection hole. 

[0010] For overcoming the above-noted problem, it is proposed to form a liner film made of a material capable of 
suppressing the Al agglomeration on the inner surface of the concave portion prior to the Al film formation. A Ti film hav- 

45 ing a high reactivity with the Al film is widely used as a liner film. 

[001 1 ] However, if the aspect ratio of the connection hole is high, the Ti liner film fails to cover sufficiently the side 

wall in the bottom portion of the connection hole, giving rise to agglomeration of Al in the bottom portion of the connec- 
tion hole, if Al agglomeration takes place, the diffusion route of Al is made discontinuous, giving rise to the problem that 
it is impossible to fill the connection hole with the Al film. 

50 [001 2] It should also be noted that an AI 3 Ti film, which is formed as a result of reaction with Al, is formed within the 
concave portion. Particularly, the AI 3 Ti film formed at the bottom portion of the connection hole acts as a diffusion bar- 
rier of Al like the W plug, leading to deterioration in the resistance to EM. 

[0013] Further, if an Al 3 Ti film is formed on the inner surface of the wiring groove, the volume of the Al film within 
the wiring groove is decreased, leading to an increased wiring resistance. 
55 [0014] As described above, application of the Al reflow technology to formation of a DD structure is now under 
study, and it is proposed to use a Ti liner film having a high reactivity with the Al film as a underlying film. 
[0015] However, if the aspect ratio of the connection hole is high, the Ti liner film fails to cover sufficiently the side 
wall in the bottom portion of the connection hole, giving rise to Al agglomeration in the bottom portion of the connection 



2 



EP 1 039 531 A2 



hole. As a result, the A! film fails to fill the connection hole. Also, an AI 3 Ti film formed within the concave portion causes 
deterioration in the resistance to EM so as to increase the wiring resistance. 

[0016] An object of the present invention is to provide a semiconductor device comprising a wiring structure that 
permits filling a concave portion with a wiring layer even if the concave portion has a high aspect ratio. 

5 [0017] Another object is to provide a method of manufacturing a semiconductor device comprising a wiring struc- 
ture that permits filling a concave portion with a wiring layer even if the concave portion has a high aspect ratio. 
[0018] According to a first aspect of the present invention, there is provided a semiconductor device, comprising a 
semiconductor substrate, an interlayer insulating film formed on one main surface of the semiconductor substrate and 
having a concave portion, a liner film formed on the inner surface of the concave portion, a wiring layer formed inside 

10 the concave portion with the liner film interposed therebetween, and an agglomeration suppressing material contained 
in the wiring layer for suppressing agglomeration of the material constituting the wiring layer. 
[001 9] According to a second aspect of the present invention, there is provided a semiconductor device, comprising 
a semiconductor substrate, an interlayer insulating film formed on one main surface of the semiconductor substrate and 
having a concave portion, a liner film formed on the inner surface of the concave portion, a wiring layer formed inside 

15 the concave portion with the liner film interposed therebetween, an agglomeration suppressing material contained in 
the wiring layer for suppressing agglomeration of the material constituting the wiring layer, and a layer of reaction prod- 
uct between the material constituting the liner film and the material constituting the wiring layer, the reaction product 
layer being formed at any one of the interface between the liner film and the wiring layer and the interface between the 
interlayer insulating film and the wiring layer. 

20 [0020] According to a third aspect of the present invention, there is provided a method of manufacturing a semicon- 
ductor device, comprising the steps of forming an interlayer insulating film having a concave portion on a semiconductor 
substrate, forming a liner film on the inner surface of the concave portion, forming a first conductive film within the con- 
cave portion, the first conductive film containing an agglomeration suppressing material for suppressing agglomeration 
of the first conductive film, and forming a second conductive film within the concave portion while heating the semicon- 

25 ductor substrate and permitting ref low of the first and second conductive films to fill the concave portion with these con- 
ductive films. 

[0021] Further, according to a fourth aspect of the present invention, there is provided a method of manufacturing 
a semiconductor device, comprising the steps of forming an interlayer insulating film having a concave portion on a 
semiconductor substrate, forming a liner film on the inner surface of the concave portion, forming a first conductive film 
30 that does not contain impurities within the concave portion, and forming a second conductive film containing impurities 
within the concave portion while heating the semiconductor substrate and permitting ref low of the first and second con- 
ductive films to fill the concave portion with the conductive films. 

[0022] This summary of the invention does not necessarily describe all necessary features so that the invention 
may also be a sub-combination of these described features. 
35 [0023] The invention can be more fully understood from the following detailed description when taken in conjunction 
with the accompanying drawings, in which: 

FIGS. 1 A to 1 F are cross sectional views collectively showing a method of manufacturing a semiconductor device 
according to a first embodiment of the present invention; 
40 FIG. 2 shows the process starting with formation of a first Al film and ending in the filling of a connection hole with 
first and second Al films, covering the cases where oxygen is introduced and is not introduced, respectively; 
FIG. 3 shows an Al agglomeration process, covering the cases where oxygen is introduced and is not introduced, 
respectively; 

FIG. 4 schematically shows an oxygen introducing mechanism that permits easily controlling the oxygen introduc- 
45 ing amount appropriately; 

FIG. 5 is a graph showing the change with time in the oxygen pressure, covering the case where oxygen is intro- 
duced after formation of the first Al film such that the oxygen pressure under the state of equilibrium is controlled 
at 5.0 x 10-4 Pa by operating the pressure control valve included in the oxygen introducing mechanism shown in 
FIG. 4; 

so FIG. 6 shows the grain boundary crossing the wiring in the width direction of the wiring and the grain boundary 
crossing the wiring in the longitudinal direction of the wiring; 

FIG. 7 shows a model of void generation caused by EM within a wiring having a triple point; 
FIG. 8 shows the growing process of Al crystal grains within a wiring groove; 

FIG. 9 shows how the opening of a hole is closed by a first Al film in the case where the first Al film is formed thick; 
55 FIGS. 10A to 10D are cross sectional views collectively showing a method of manufacturing a semiconductor 
device according to a second embodiment of the present invention; 
FIG. 11 is a cross sectional view showing a modification of the second embodiment; 
FIG. 12 is a cross sectional view showing another modification of the second embodiment; 
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FIGS. 13A to 13D are cross sectional views collectively showing a method of manufacturing a semiconductor 
device according to a third embodiment of the present invention; and 

FIGS. 14A and 14B are cross sectional views showing a problem inherent in the conventional damascene wiring 
and showing how to solve the problem in the present invention, respectively. 

5 

[0024] The present invention is featured in that an agglomeration suppressing material for suppressing agglomer- 
ation of the material constituting a wiring layer is contained in the wiring layer formed inside a concave portion of an 
interlayer insulating film formed on one main surface of a semiconductor substrate with a liner film interposed between 
the inner wall of the concave portion and the wiring layer. 
10 [0025] At least one element selected from the group consisting of 0, N, Nb, Ta, Ti, W and C can be used as the 
agglomeration suppressing material. 

[0026] On the other hand, a single layer film or a laminate film of a material selected from the group consisting of 
Ni, Ti, NbN and TiN can be used as a liner film. 

[0027] The wiring layer can be formed of a metal selected from the group consisting of Al, Cu, an Al alloy and a Cu 
15 alloy. 

[0028] The term "concave portion" used herein includes a wiring groove, a connection hole and a combination of a 
connection hole and a wiring groove connected to the connection hole. 

[0029] It is possible for a layer of the reaction product between the material constituting the liner film and the mate- 
rial constituting the wiring layer to be formed at the boundary between the liner film and the wiring layer or at the bound- 
20 ary between the interlayer insulating film and the wiring layer. It is desirable for the reaction product layer to be formed 
discontinuous. 

[0030] The present invention also provides a method of manufacturing the semiconductor device outlined above. 
[0031] The method of the present invention is featured in that, after formation of a first conductive film containing 
an agglomeration suppressing material in a concave portion, a second conductive film is formed in the concave portion 
25 while heating the semiconductor substrate and ref low of the first and second conductive films is achieved to fill the con- 
cave portion with the conductive films. 

[0032] In the method of the present invention, it is possible to allow the agglomeration suppressing material to be 
adsorbed on the surface of the first conductive film after formation of the first conductive film. Alternatively, the agglom- 
eration suppressing material can be introduced into the first conductive film during formation of the first conductive film. 
30 Further, it is possible to form a conductive film containing an agglomeration suppressing material. 

[0033] As described above, the present invention makes it possible to fill a concave portion with a wiring layer even 
if the concave portion has a high aspect ratio. 

[0034] To be more specific, according to the method of the present invention for manufacturing a semiconductor 
device, ref low of the first and second conductive films is achieved under the condition that an agglomeration suppress- 
35 ing material is contained in the first conductive film, making it possible to suppress effectively the agglomeration of the 
first and second conductive films. As a result, it is possible to fill the inner space of a concave portion with the wiring 
layer consisting of the first and second conductive films, even if the concave portion has a diameter of the opening not 
larger than 0.18 jim and an aspect ratio not lower than 5.0. 

[0035] Various embodiments of the present invention will now be described with reference to the accompanying 
40 drawings. 



(First Embodiment) 

[0036] FIGS. 1 A to 1 F are cross sectional views collectively showing a method of manufacturing a semiconductor 
45 device according to a first embodiment of the present invention. 

[0037] In the first step, a first interlayer insulating film 2 and a first wiring layer 3 are formed on a silicon substrate 
having an element (not shown) formed thereon, as shown in FIG. 1 A. The first wiring layer 3 is made of, for example, Al 
orW. 

[0038] Then, a second interlayer insulating film 4 is formed on the entire surface to cover the first wiring layer 3. The 
so second interlayer insulating film 4 consists of an insulating film such as an insulating film formed by a plasma CVD using 
TEOS as a raw material gas, a F-added insulating film having a low dielectric constant, or an SOG film. 
[0039] In the next step, a connection hole 5a extending to reach the first wiring layer 3 and a wiring groove 5b posi- 
tioned on the connection hole 5a. said connection hole 5a and said wiring groove 5b being collectively referred to here- 
inafter as "a concave portion 5", are formed in the second interlayer insulating film 4 by photolithography and RIE. 
55 [0040] Further, a Nb liner film, a first Al film, and a second Al film are formed consecutively under vacuum, followed 
by causing reflow of the first Al film and the second Al film to fill the inner space of the concave portion 5 with the first 
and second Al films as shown in FIGS. 1 C to 1 E. Cluster tool used in these steps are a second Al sputtering chamber 
and a substrate cooling chamber connecting to a wafer transfer chamber. The substrate is transferred among these 
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chambers through the wafer transfer chamber. 

[0041] Specifically, the silicon substrate 1 is heated in advance within the substrate heating chamber in order to 
decrease the release of the gas from within the second interlayer insulating film 4 and to decrease the release of the 
gas adsorbed on the surface in the heating step for forming the second Al film, which is to be described hereiniater. To 

5 be more specific, the silicon substrate 1 is heated under temperatures falling within a range of between 300°C and 
500°C with a PBN heater or a halogen lamp heater each equipped with an electrostatic chuck. 
[0042] In the next step, a native oxide film on the surface of the first wiring layer 3 exposed to the bottom surface of 
the connection hole 5a and the stains attached in the step of forming the concave portion 5 are removed by an Ar sput- 
ter-etching within the Ar sputter-etching chamber. A plasma sputtering apparatus of a capacitor coupling type or an 

w induction coupling type can be used for the Ar sputter-etching. 

[0043] The native oxide film and the stains attached to the connection portion to the first wiring layer 3 in the step 
of forming the concave portion 5 can be removed by washing with an organic alkali material, making it unnecessary to 
perform the Ar sputter-etching. 

[0044] Then, a Nb liner film 6 is formed in a thickness of 7.5 to 50 nm on the second interlayer insulating film 4 in a 
is manner to cover the inner surface (bottom surface and side surface) of the concave portion 5 by a long throw sputtering 
(LTS), as shown in FIG. 1C. LTS is a sputtering method in which the distance between the substrate and the target is 
set longer than that in the ordinary sputtering method and the gas pressure in the sputtering step is set low to allow the 
sputtered particles to have a directivity. It follows that, in the case of employing LTS, the Nb liner film 6 can be formed 
on the side surface in the deep portion of the connection hole 5a having an aspect ratio not lower than 1. 
20 [0045] The Nb liner film 6, which serves to suppress agglomeration of a first AJ film 7 that is to be formed later, 
should desirably be formed uniform on the inner surface of the connection hole 5a. However, since the film formed by 
LTS is rendered asymmetric in the wafer edge portion, it is difficult to form the Nb liner film 6 on the side surface of the 
connection hole 5a on the side of the center of the wafer. 

[0046] For improving the asymmetry in the shape of the Nb liner film 6, it is effective to control the Ar gas pressure. 
25 For example, where the Nb target has a diameter of about 300 mm and the distance between the Nb target and the 
substrate is 300 mm, it is effective to control the Ar pressure at 0.02 to 0.1 Pa. 

[0047] In the next step, the silicon substrate is transferred into the first Al sputtering chamber for forming by LTS the 
first Al film 7 constituting the first Al wiring in a thickness of 250 to 600 nm. If the opening of the concave portion 5 is not 
closed by the first Al film 7, the first Al film can be formed thicker than 600 nm. It is desirable to form the first Al film 7, 

30 which defines a diffusion passageway for fluidizing Al into the inner region of the connection hole 5a, as a continuous 
film extending from the upper opening to reach the bottom portion of the connection hole 5a. 
[0048] Even if the first Al film 7 is formed as a continuous film on one side surface of the connection hole 5a 
because of the asymmetry in the shape of the first Al film 7 in the wafer edge portion, the filling of the connection hole 
5a with Al is not adversely affected. Therefore, it is effective in terms of the Al loading to form the first Al film 7 to have 

35 a high directivity. 

[0049] If the diameter of the Al target is about 300 mm, the distance between the target and the substrate is 300 
mm, and the Ar pressure is controlled at 0.02 to 0.1 Pa, it is possible to suppress agglomeration of the first Al film 7. In 
this step, the silicon substrate 1 is not heated or cooled. 

[0050] Immediately after formation of the first Al film 7, oxygen is introduced into the first Al sputtering chamber to 
40 permit oxygen 8 to be adsorbed on the surface of the first Al fflm 7, as shown in FIG. 1 D. Then, the silicon substrate 1 
is transferred into the second sputtering chamber to form a second Al film 9 on the entire surface in a thickness of 50 
to 400 nm by a sputtering method while heating the silicon substrate 1 to, for example, 450°C, thereby filling the inner 
space of the concave portion 5 with the first and second Al films, as shown in FIG. 1 E. In this step, AINb alloy films 1 0 
resulting from the reaction between the Nb liner film 6 and the first Al film 7 are partially formed at the interface between 
45 the inner surface of the concave portion 5 and the first and second Al films 9. According to the research conducted by 
the present inventors, the amount of the AINb alloy film 1 0 is smaller than that of a Ti 3 AI film formed in the case of using 
a Ti liner film. Therefore, formation of the AINb alloy films 10 does not constitute a problem in terms of the increase in 
the wiring resistance. 

[0051] The second Al film is formed by a standard sputtering method in which the diameter of the Al target is 300 
so mm, and the distance between the Al target and the substrate is 60 mm. Alternatively, LTS can also be employed for 
forming the second Al film, if the film-forming rate is set substantially equal to that in the standard sputtering method. 
[0052] Finally, the excess first and second Al film 9 outside the concave portion 5, the Al Nb alloy film 1 0 and the Nb 
liner film 9 are removed by CMP so as to finish forming the Al-based second wiring layer 9, as shown in FIG. 1F. The 
second wiring layer 9 is a dual damascene wiring. 
55 [0053] It has been found through the research conducted by the present inventors that, if oxygen 8 is adsorbed on 
the surface of the first Al film 7 by introducing oxygen into the first Al sputtering chamber after formation of the first Al 
film 7 as in the embodiment described above, it is possible to improve the loading characteristics of the first Al film 7, 
compared with the case where oxygen is not adsorbed on the surface of the first Al film 7. 
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[0054] FIG. 2 shows the process starting with formation of a first Al film and ending in the filling of a concave portion 
5 with the first and second Al films 9, covering the cases where oxygen is introduced and is not introduced, respectively, 
after formation of the first Al film 7. 

[0055] In order to fill the concave portion 5 formed in the second interlayer insulating film 4 with the first and second 
5 Al film 9, it is necessary to maintain the fluidity of Al within the concave portion 5 until completion of the filling. In the Al 
reflow method employed in this embodiment (first embodiment), the first Al film 7 is formed first without heating the sub- 
strate, followed by forming the second Al film continuously under vacuum while heating the silicon substrate. In order to 
maintain the fluidity of Al in the Al reflow method, it is necessary to form the first Al film 7 as a continuous film. It is also 
necessary for a part of the second Al film to be f luidized within the concave portion in the process of forming the second 
w Al film, with the first Al film 7 utilized as a diffusion route. 

[0056] If the first Al film 7 is a discontinuous film, the diffusion route of Al is closed in the process of forming the sec- 
ond Al film, with the result that the concave portion 5 fails to be filled completely with Al. It should be noted that the first 
Al film 7 tends to be agglomerated by the heating in the initial stage of forming the second Al film, with the result that 

the first Al film 7 is rendered discontinuous. 

is [0057] FIG. 3 shows an Al agglomeration process, covering the cases where oxygen is introduced and is not intro- 
duced, respectively. 

[0058] The Al agglomeration is caused by the surface diffusion and the grain boundary diffusion in the heating step. 
It should be noted that the surface of an Al film on which a native oxide film is not formed and the crystal grain boundary 
having a large number of dangling bonds are low in diffusion coefficient and, thus, Al atoms are vigorously migrated by 
20 the heating. By this migration, the mass of Al tends to have a shape having a low surface energy. Specifically, the mass 
of Al tends to become spherical. Agglomeration denotes that separation from the individual crystal grain boundary 
takes place so as to cause the mass of Al to be shaped like an island. 

[0059] The Al agglomeration tends to take place easily if the Al film is thinner. In this embodiment the first Al film is 
formed by LTS. Since LTS permits the sputtered particles to have a directivity, compared with the standard sputtering 

25 method, it is possible to form the first Al film 7 on the side surface in the bottom portion of the concave portion 5 having 
a high aspect ratio as shown in FIG. 2. It should be noted, however, that, with progress in the formation of the first Al 
film 7, the incident angle of the sputtered particles that are incident on the bottom portion of the concave hole 5 is 
increased so as to decrease the attaching rate of the sputtered particles. The incident angle of potentiality is smallest 
in the side wall on the bottom portion of the concave portion 5 and, thus, the film thickness is made smallest in the side 

30 wall portion noted above. It follows that the Al agglomeration is started at the side wail on the bottom portion of the con- 
cave portion where the first Al film is thinnest. Where the first Al film 7 is made discontinuous in this portion by the Al 
agglomeration, the route of the Al diffusion into the deeper portion of the concave portion 5 is closed, giving rise to the 
problem that a void is left in the deeper portion of the concave portion 5. 

[0060] Where oxygen is introduced into the first Al sputtering chamber after formation of the first Al film 7, oxygen 
35 8 is adsorbed on the surface of the first Al film 7, as shown in FIG. 1 D. The adsorbed oxygen serves to suppress the 
surface diffusion of Al on the surface of the first Al film 7 so as to make it possible to suppress the Al agglomeration by 
the heating in the step of forming the second Al film. 

[0061] However, where a large amount of oxygen 8 is introduced, a thick oxide film is formed on the surface of the 
first Al film 7. If the oxide film is formed thick, it is difficult for the shape of the first Al film 7 to be changed, causing the 
40 first Al film 7 to decrease to contribute to flowabiiity by the body diffusion. As a result, the amount of Al flowabilrty is 
decreased in the thermal budget in the step of forming the second Al film. 

[0062] It should also be noted that the wettability of Al is low on the oxide film (Al 2 0 3 ) that is formed thick. As a 
result, the second Al film tends to be agglomerated on the aluminum oxide film formed on the first Al film in the step of 
forming the second Al film, making it difficult to fill the concave portion 5 with the Al film. Thus, in order to fill, particularly, 
45 the concave portion 5 having a high aspect ratio with the Al film, it is necessary to suppress agglomeration of the first 
Al film 7 while maintaining the fluidity of the first Al film and the wettability at the interface between the first Al film and 
the second Al film. Therefore, it is necessary to control appropriately the amount of oxygen introduced into the first Al 
sputtering chamber. 

[0063] FIG. 4 schematically shows an oxygen introducing mechanism that permits easily controlling the oxygen 
so introducing amount appropriately. The mechanism shown in the drawing is adapted for preventing introduction of a 
large amount of oxygen so as to prevent formation of a thick aluminum oxide film. 

[0064] In the mechanism shown in FIG. 4, a valve 21 is left open and valves 22 and 23 are closed under the state 
that oxygen (Oa) is not introduced. Therefore, pipes 24 and 25 are exhausted under the state that oxygen is not intro- 
duced. When oxygen is introduced, the valve 21 is closed, and the valves 22 and 23 are opened so as to permit oxygen 
55 having the pressure controlled in advance by a pressure control valve 26 to be introduced into a first Al sputtering cham- 
ber 27. 

[0065] Since the pipes 24, 25 are exhausted under the state that oxygen is not introduced, the oxygen within the 
pipe 24 does not flow into the pipe 25 when the valve 23 is opened, making it possible to prevent oxygen from being 
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introduced into the chamber 27 under a pressure higher than a predetermined pressure. It follows that it is possible to 
prevent a large amount of oxygen from being introduced into the chamber 27 so as to prevent a thick oxide film from 
being formed. Incidentally, reference numeral 28 shown in FIG. 4 denotes a valve, reference numeral 29 denotes a 
mass flow controller, and reference numeral 30 denotes a valve. 

5 [0066] FIG. 5 is a graph showing the change with time in the oxygen pressure, covering the case where oxygen is 
introduced after formation of the first Al film such that the oxygen pressure under the state of equilibrium is controlled 
at 5.0 x 1 0' 4 Pa by operating the pressure control valve 26 included in the oxygen introducing mechanism shown in FIG. 
4. It is clearly shown in FIG. 5 that the oxygen pressure in the initial stage of the oxygen introduction is lower than the 
pressure under the state of equilibrium and, then, the oxygen pressure is gradually increased to reach the pressure 

10 under the state of equilibrium. 

[0067] In the step of forming the first Al film 7, an active Al is attached to a shield plate within the chamber 27, and 
the active Al surface is also exposed on the surface of the sputter target. It follows that, where oxygen is introduced into 
the chamber 27 after formation of the first Al film 7, the introduced oxygen is gettered by the active Al, with the result 
that a predetermined time is required for the oxygen pressure to be increased to reach the pressure under the state of 

15 equilibrium. 

[0068] The time required for stabilization of the oxygen pressure is dependent on the inner volume of the chamber 
27, the exhaust capacity of the vacuum pump, the area of the shield plate having Al attached thereto, and the amount 
of the active Al on the surface of the shield plate. It follows that the oxygen pressure under the state of equilibrium does 
not provide an actual absolute parameter for adsorbing the oxygen on the surface of the first Al film 7. 
20 [0069] Table 1 given below shows the filling tendency of Al in the case where the oxygen pressure is controlled at 
various levels within the chamber 27 showing the exhaust characteristics shown in FIG. 5 and Al is introduced for 20 
seconds after formation of the first Al film 7: 
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[0070] Table 1 shows that, with increase in the oxygen pressure from 1.0x1 0* 4 Pa, the aspect ratio of the hole that 
permits loading is increased. However, if the oxygen pressure is increased to reach 1.0x1 0~ 2 Pa, it is impossible to fill 
45 completely the concave portion having an aspect ratio 3 with Al. In other words, if the oxygen pressure is gradually 
increased, the oxygen adsorbed on the surface of the first Al film 7 serves to suppress agglomeration of the first Al film 
7 so as to improve the filling capability of Al. 

[0071 ] However, if the oxygen pressure is further increased, an aluminum oxide film is formed on the surface of the 
first Al film 7 so as to cause the flowability of the first Al film 7 to be unlikely to take place. In addition, the wettability 
so between the second Al film and the first Al film is lowered so as to inhibit the flowability of the second Al film into the 
concave portion 5, resulting in failure to fill completely the concave portion 5 with Al. 

[0072] As described above, in order to improve the filling capability of Al in the concave portion, it is necessary to 
control the oxygen pressure at the level at which the Al flowability is not lowered while suppressing agglomeration of the 
first Al film and the wettability between the second Al film and the first Al film is not lowered. In this embodiment, it is 
55 appropriate to control the oxygen pressure under the state of equilibrium at 5.0 x 10* 4 Pa. 

[0073] In the system shown in FIG. 4, the oxygen pressure is controlled by operating the pressure control valve so 
as to control the amount of oxygen introduced into the chamber 27 after formation of the first Al film 7. Alternatively, it 
is also possible to control the oxygen flow rate for controlling the oxygen pressure within the chamber 27. In the case of 
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using a chamber having the exhaust characteristics shown in this embodiment (first embodiment), the oxygen supply 
amount can be controlled under the flow rate of 0.1 to 1 .0 seem in view of the oxygen pressure noted above. It is desir- 
able to use a mass flow controller. 

[0074] The method of introducing oxygen into the chamber 27 after formation of the first Al film 7 employed in this 
embodiment is effective for filling the concave portion 5 of a high aspect ratio, e.g., not larger than 0. 1 8 urn in the diam- 
eter of the opening and not smaller than 0.95 urn in the depth, with Al film. It should be noted, however, that the flowa- 
bility of Al is lowered by the oxygen introduction. Therefore, where the concave portion 5 having a large inner volume is 
filled with Al, it is possible for the concave portion 5 not to be filled with Al completely because of the poor f lowability of 
Al. 

[0075] For overcoming the inconvenience noted above, it is effective to use an Al film containing Cu as the second 
Al film. The presence of Cu makes the melting point of the Cu-containing Al film lower than that of the pure Al film so 
as to increase the f lowability. It follows that, in the case of using a Cu-containing Al film as the second Al film, the con- 
cave portion 5 having a large inner volume can be filled easily and completely with Al. 

[0076] It should also be noted that Cu contained in the second Al film is precipitated at the grain boundary of Al so 
as to suppress the grain boundary diffusion of Al when an electric current flows therethrough so as to improve the resist- 
ance to the eiectromigration. The concentration of Cu precipitated at the grain boundary of Al can be easily increased 
by increasing the Cu concentration in the second Al film. 

[0077] The wiring resistance can also be lowered by using an Al film containing another impurity such as copper 
silicide. 

[0078] The damascene wiring is defective in that, if the wiring width is gradually decreased with the depth of the 
wiring groove kept constant, the effective resistivity (wiring resistance) of the wiring is increased, as described below. 
Specifically, FIGS. 14A and 14B are cross sectional views each showing an Al damascene wiring 15 formed by the 
process comprising forming the Nb liner film 14 within the wiring groove, followed by Al reflow and CMP. 
[0079] As shown in FIG. 14A, a granular AJ 3 Nb16 is formed as a result of the reaction between Al and Nb at the 
side surface and the bottom surface of the wiring groove. As a result, the electrons flowing along the side surface and 
the bottom surface of the wiring groove are scattered by the granular AI 3 Nb16. 

[0080] The AI 3 Nb16 grains are positioned apart from each other and some AI 3 Nb1 6 grains are positioned close to 
each other such that the distance between adjacent AI 3 IMb16 grains is shorter than the mean free path of electrons, 
leading to a high scattering probability of electrons. It follows that Al particles positioned between adjacent AI 3 Nbl6 
grains are strongly affected by the electron scattering, with the result that the effective resistivity is made higher than 
the resistivity inherent in the material so as to increase the wiring resistance. 

[0081] However, it has been found through the research conducted by the present inventors that, in the case of 
using Al-Si(1.0 wt%)-Cu(0.5 wt%) alloy as the wiring material, a reaction takes place between Si contained in the Al 
alloy and Nb by the heating in the Al reflow step so as to form niobium suicide 17, thereby suppressing formation of 
AI 3 Nb. As a result, it is possible to diminish the ratio of the granular AI 3 Nb16 occupying the wiring groove so as to 
achieve a low wiring resistance even in the case of a thin damascene wiring. It should be noted that, even if the ratio of 
the granular AI 3 Nb occupying the wiring groove is diminished, the adhesivity can be maintained by the presence of the 
suicide between Si and Nb, making it possible to form a damascene wiring whose resistance to EM and resistance to 
SM are not deteriorated. 

[0082] It should also be noted the Al-Si(1 .0 wt%)-Cu(0.5 wt%) alloy has a melting point lower than that of AI-Cu(0.5 
wt%) and. thus, exhibits a high f lowability in the reflow step so as to provide a good wiring material having a high loading 
capability. In other words, the Al-Si(1.0 wt%)-Cu(0.5 wt%) alloy provides a wiring material effective for forming an Al 
damascene wiring within a wiring groove having a small wiring width and a high aspect ratio. 
[0083] If the second Al wiring layer 9 is formed by the method employed in this embodiment, a grain boundary 32 
crossing the wiring in the longitudinal direction may possibly be formed together with grain boundaries 31 crossing the 
wiring in the width direction of the wiring, as shown in FIG. 6. One of the causes of the formation of the grain boundary 
32 is considered to reside in the discontinuity of the interface between the first Al film 7 and the second Al film. Where 
there is the grain boundary crossing the wiring in the longitudinal direction of the wiring, formed is a so-called "triple 
point" 33 in which three grain boundaries cross each other within the wiring. The presence of the triple point 33 causes 
deterioration in the resistance to EM. 

[0084] FIG. 7 shows a model of void generation caused by EM within a wiring having a triple point. Eiectromigration 
(EM) is the phenomenon that, if an electric current flows within the wiring, electrons collide against Al atoms so as to 
bring about migration of the Al atoms. The migration of the Al atom tends to take place along the grain boundary having 
a small diffusion coefficient. In the triple point, the Al atoms migrating along a grain boundary are branched into two 
directions, giving rise to depletion of atoms at the triple point. In other words, a void 34 is generated around the triple 
point. If the void 34 grows, the wiring is finally broken. 

[0085] For avoiding the EM problem described above, it is effective to make the first Al film 7 thicker in this embod- 
iment (first embodiment). FIG. 8 is a cross sectional view showing the growing process of the Al crystal grain within the 
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wiring groove. Where the first Al f iim 7 is thin, it is difficult for the largest grain 1 1 to occupy the inner space of the wiring 
groove even if the grain 1 1 grows in the process of forming the second Al film, as shown in the drawing. 
[0086] However, if the first Al film 7 is made thicker, the inner space of the wiring groove is filled substantially com- 
pletely with the first Al film 7 in the case where the wiring groove has a low aspect ratio (wiring width/wiring depth). It 

5 follows that, where the first Al film 7 is formed thick, the large grain 1 1 grows to occupy the inner space of the wiring 
groove substantially completely after formation of the second Al film, making it possible to eliminate a discontinuous 
interface between the first Al film and the second Al film within the wiring groove, as shown in FIG. 8. 
[0087] In this case, the grain boundary caused by the discontinuity of the interface is positioned outside the wiring 
groove, making it possible to remove the undesired grain boundary in the subsequent CMP process. As a result, the 

10 grain boundary structure between the first and second Al films 9 within the wiring groove can be made to have a bam- 
boo structure. 

[0088] In this embodiment, the first Al film 7 is formed by LTS. LTS is a sputtering method that permits improving 
the directivity. However, it is impossible to eliminate completely the sputtered particles incident obliquely on the sub- 
strate surface. Therefore, it is unavoidable for the first Al film 7 to overhang the opening portion of the concave portion 

is 5. If the first Al film 7 is formed thicker in an attempt to avoid the overhanging structure, the upper portion in the opening 
of the wiring groove is closed during the process of forming the first Al film 7, as shown in FIG. 9. Particularly, where the 
wiring groove has a high aspect ratio, the upper portion of the wiring groove is closed by the first Ai film 7 with the inner 
space of the wiring groove partially left vacant. In this case, it is impossible to increase the thickness of the Al film within 
the wiring groove even if formation of the first Al film 7 is continued. 

20 [0089] It should be noted that, even where the first Al film is thickened not to close the opening of the concave por- 
tion, the thickening of the first Al film produces the effect of decreasing the grain boundaries 32 crossing the wiring layer 
in the longitudinal direction of the wiring layer, because, if the loading amount of Al within the wiring groove is increased 
before the heating step, the grains of Al within the wiring groove grow preferentially within the wiring groove. 
[0090] It should also be noted that, if the first Al film is formed thicker, the open portion of the connection hole is 

25 closed by the first Al wiring as in the case of the wiring groove. In this case, the first Al wiring within the connection hole 
cannot be made thicker. 

[0091 ] For filling the connection hole 5a with Al, it is necessary to suppress agglomeration of the first Al film 7 within 
the connection hole 5a, and it is desirable to form the first Al film 7 as thick as possible within the connection hole 5a. 
However, where oxygen is introduced after formation of the thick first Al film 7, a problem takes place in the case where 
30 the upper opening of the connection hole is closed by the first Al film 7 as shown in FIG. 9. To be more specific, it is 
impossible to allow oxygen 8 to be adsorbed on the surface of the first Al film 7 within the connection hole unlike the 
process shown in FIG. 1D. 

[0092] Where oxygen is introduced after formation of the first Al film 7, the first Al film 7 is formed as thick as pos- 
sible, though the opening of the connection hole 5a should not be closed by the first Al film 7. To meet this requirement, 
35 it is necessary to control the directivity of the sputtered particles by controlling the Ar pressure, electric power, etc. so 
as to control the thickness of the first Al film 7, 

[0093] In addition to the problem relating to the grain boundaries 32 crossing the wiring layer in the longitudinal 
direction of the wiring layer, it is necessary to take into account the possibility of an increase in the wiring resistance 
caused by oxidation of the surface of the first Al film 7 in the case of introducing oxygen after formation of the first Al film 
40 7. Therefore, in order to fill the connection hole 5a with Al white ensuring an improved resistance to EM and a low wiring 
resistance, it is desirable to introduce oxygen in the smallest amount required for the filling of at least the connection 
hole 5a with Al after formation of the first Al film 7. 

[0094] In this embodiment (first embodiment), oxygen is introduced into the first AI sputtering chamber immediately 
after formation of the first AI film 7. Alternatively, it is possible to introduce oxygen into the first Al sputtering chamber 

45 during formation of the first Al film 7. It should be noted, however, that, if the oxygen introduction into the first Al sput- 
tering chamber is started in the initial stage of forming the first AJ film 7, the surface of the Nb liner film 6 tends to be 
oxidized. If the surface of the Nb liner film 6 is oxidized, the reactivity between Al and Nb is lowered. Since the effect of 
suppressing the Al agglomeration is retained only during the reaction process with Nb, the capability of suppressing the 
Al agglomeration is also lowered, if the reactivity between Nb and Al is lowered. It follows that it is desirable not to irrtro- 

50 duce oxygen before formation of the first Al film 7 in order to prevent the Nb liner film 6 from being oxidized. 

[0095] For suppressing agglomeration of the first Al film 7, it suffices for oxygen 8 to be present only partly on the 
first Al film 7. Therefore, in the case where oxygen is introduced during formation of the first Al film 7, followed by stop- 
ping the oxygen introduction and subsequently continuing the formation of the first Al film 7, oxygen 8 is not adsorbed 
on the surface of the first Ai film 7 after formation of the first Al film 7. 

55 [0096] Where the first Al film 7 containing oxygen 8 is formed by the method described above, it is possible to sup- 
press the discontinuity of the interface between the first Al film 7 and the second Al film, which is caused by the oxidation 
of the surface of the first Al film 7. In addition, it is possible to maintain the wettability between the first Al film 7 and the 
second Al film. It follows that it is possible to improve the loading capability of the contact hole with AI and to suppress 
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generation of the crystal boundaries. Incidentally, it is possible to allow the entire region of the first Al film 7 to contain 
oxygen. 

[0097] Incidentally, where the oxygen introduction is stopped during formation of the first Al film 7 while continuing 
formation of the first Al film 7, the target surface is cleaned after formation of the first Al film 7. Therefore, where the Al 
5 reflow treatment is performed by using the cluster tool described previously in conjunction with the first embodiment, 
various processes can be performed in parallel during various process chambers. 

[0098] For example, by transferring a second silicon substrate 1 from the Nb sputtering chamber into the first Al 
sputtering chamber immediately after transfer of a first silicon substrate 1 from the first Al sputtering chamber into the 
second Al sputtering chamber, the first Al film 7 can be formed on second silicon substrate during formation of the sec- 
10 ond Al film on the first silicon substrate. 

[0099] In this step, if the surface of the Al target within the first Al sputtering chamber is kept clean, the Nb liner film 
6 formed on the second silicon substrate 1 is not oxidized in the initial stage of forming the first Al film 7. Thus, the capa- 
bility of suppressing the Al agglomeration performed by the Nb liner film 6 is not lowered. 

[0100] In the first embodiment described above, oxygen is introduced into the first Al sputtering chamber in order 
is to suppress agglomeration of the first Al film 7. Alternatively, another agglomeration suppressing agent, e.g., nitrogen, 
can be introduced into the first Al sputtering chamber for suppressing agglomeration of the first Al film 7. In this case, 
nitrogen is adsorbed on the surface of the first Al film 7 so as to nitride the surface of the first Al film 7 and, thus, to sup- 
press the surface diffusion of Al, thereby to suppress agglomeration of the first Al film 7. However, since the nitriding 
proceeds slowly compared with the oxidation of Al, it is necessary to introduce a large amount of nitrogen gas into the 
20 first Al sputtering chamber over a long period of time, leading to a low through-put, compared with introduction of an 
oxygen gas. It follows that an oxygen gas is more desirable than a nitrogen gas when used for suppressing agglomer- 
ation of the first Al film 7. 

[0101 ] It is also possible to permit oxygen to be adsorbed on the surface of the first Al film 7 by controlling appro- 
priately the sputtering time for forming the first Al film 7 and the second Al film. In this case, the amount of adsorption 
25 of oxygen on the surface is determined by the degree of vacuum after each of the sputtering steps within the chamber 
housing the silicon substrate 1. It follows that it is necessary to control the degree of vacuum within the chamber in 
which the silicon substrate 1 is dependent on the sputtering time. 

[0102] In the first embodiment described above, the technical idea of the present invention is applied to a DD (dual 
damascene) wiring. However, the technical idea of the present invention can also be applied to an AI-RIE wiring 
30 obtained by filling the concave portion with an Al film, followed by processing the that portion of the Al film which is posi- 
tioned outside the concave portion by a photolithography process and a RIE process. 

[0103] In the case of the AI-RIE wiring, the wiring groove and the connection hole need not be loaded simultane- 
ously unlike the case of the DD wiring. Specifically, it suffices to fill the connection hole alone with Al in the case of the 
AI-RIE wiring. It follows that the aspect ratio of the concave portion that is filled with Al is small in the case of the AI-RIE 

35 wiring, compared with the DD wiring structure. 

[0104] In the case of forming a wiring structure in which a first Al wiring positioned in a lower portion and a second 
Al wiring positioned in an upper position are connected to each other via a W plug, an interlayer insulating film is formed 
first on the first Al wiring layer, followed by forming a connection hole communicating with the first Al wiring in the inter- 
layer insulating film. Further, the connection hole is filled with a W film by a W-CVD technology, followed by removing 

40 the excess W film by CMP so as to form the W plug. Then, a laminate structure consisting of a barrier metal layer, an 
aluminum layer and an anti-reflection film is formed on the entire surface, followed by forming an Al wiring overlapping 
with the W plug electrode by employing lithography and RIE. 

[01 05] On the other hand, where a plug electrode and a second wiring are formed by an Al reflow method as in the 
first embodiment of the present invention, the first Al wiring, the interlayer insulating film and the connection hole are 
45 formed, followed by filling the connection with Al. Further, an Al wiring overlapping with the connection hole is formed 
by employing lithography and RIE. In this case, the film-forming step for forming the Al plug and the Al wiring can be 
performed by a single Al reflow process. It follows that the number of manufacturing steps can be decreased, compared 
with the wiring structure using the W plug described above. As a result it is possible to decrease the manufacturing 
cost. 

so [0106] Where the DD wiring is formed by filling the concave portion 5 with the first and second Al film 9 by the Al 
reflow method after formation of the Nb liner film 6 as in the first embodiment described above, the Nb liner film 6 and 
the first and second Al film 9 are formed on the two side walls and the single bottom surface of the connection hole 5a. 
Therefore, after formation of the first and second Al film 9, the AINb alloy film 1 0 resulting from reaction between Al and 
Nb are formed on the two side walls and the single bottom surface of the connection hole 5a. 

55 [0107] It should be noted that the Nb liner film 6 and the AINb alloy film 1 0 act as compensation conductive films so 
as to produce the effect of improving the resistance to EM. It follows that the damascene wiring is advantageous in 
resistance to EM over the AI-RIE wiring in which the Nb liner film is formed in only the bottom portion of the connection 
hole. It should be noted, however, that the AI-RIE wiring is advantageous in some respects. Specifically, since the AINb 
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alloy film is not formed at the interface between the side wall of the AJ wiring and the interiayer insulating film, the wiring 
resistance can be lowered. 

[0108] Also, in a fine wiring groove having a high aspect ratio, the ratio of the sum of the surface areas of the two 
side surfaces to the entire surface area within the wiring groove is increased, with the result that the orienting properties 
5 of Al from the side surfaces of the wiring groove are rendered predominant. As a result, the Al (1 1 1 ) orienting properties 
in a direction perpendicular to the silicon substrate are lowered in a fine DD wiring. 

[0109] On the other hand, when it comes to the AI-RIE wiring, the wiring is formed after processing of the Al film 
formed on a flattened interiayer insulating film, with the result that crystal grains of the Al film are formed from only a 
single bottom surface of the wiring. It follows that, in the case of forming a fine Al wiring, the AI-RIE wiring permits 

w improving the orienting properties. 

[0110] The AI-RIE wiring having high (111) orienting properties are excellent in its resistance to EM. This is 
because crystal grains having a large diffusion coefficient are decreased in the Al film having (111) orienting properties. 
It should also be noted that, if the sputtering power of Nb is increased, Nb is oriented in (1 10) direction and Al after for- 
mation of the second Al film is oriented in (1 1 1) direction. 

is [01 1 1 ] However, it has been found through the research conducted by the present inventors that the orienting prop- 
erties of the first Al film 7 formed in a flat portion of the second interiayer insulating film 4 positioned outside concave 
portion 5 can be left substantially unchanged by controlling the amount of oxygen introduced into the first Al sputtering 
chamber after formation of the first Al film 7 at the minimum amount required for filling at least the concave portion 5 
with Al. Therefore, even in the case of introducing oxygen, the first Al film 7 having high orienting properties can be 

20 formed by increasing the sputtering power in forming the Nb liner film 6. As a result, unstable Al grains are decreased, 
making it possible to obtain a damascene wiring or a RIE wiring having an improved resistance to EM. 
[01 1 2] it has been confirmed through the research conducted by the present inventors that the resistance to EM of 
each of the AI-RIE wiring and the damascene wiring is on the level that does not produce a practical problem. 
[0113] In the first embodiment, the Al reflow is performed in two steps. It should be noted in this connection that 

25 oxygen is also adsorbed on the surface of a Cu film, as on the surface of the Al film, so as to prevent the surface diffu- 
sion of Cu and, thus, to suppress agglomeration of the Cu film. It follows that the two step reflow method, in which a Cu 
film is formed in place of the first Al film 7, followed by introducing oxygen into the chamber and subsequently forming 
the second Al film by a sputtering method while heating chamber, also produces the effects similar to those obtained 
by the two step reflow of Al. For example, the loading characteristics of the Al film can be improved. Further, it is possi- 

30 bie to use oxygen together with another element as the agglomeration suppressing material. 

[01 14] Further, in the first embodiment of the present invention, the first Al film 7 is formed by a sputtering method. 
However, it is also possible to form the first Al film 7 by, for example, an LPCVD method. 

(Second Embodiment) 

35 

[01 1 5] FIGS. 1 0A to 1 0D are cross sectional views collectively showing a method of manufacturing a semiconduc- 
tor device according to a second embodiment of the present invention. Incidentally, those portions of FIGS. 1 0A to 1 0D 
which correspond to FIGS. 1A to 1F are denoted by the same reference numerals so as to avoid an overlapping 
description. 

40 [0116] In the first embodiment, oxygen 8 is introduced after formation of the first Al film 7 to permit the introduced 
oxygen 8 to be adsorbed on the surface of the first Al film 7, thereby to suppress the Al agglomeration. In the second 
embodiment, however, Nb atoms are adsorbed as an agglomeration suppressing material on the surface of the first A) 
film 7, thereby to suppress agglomeration of Al. 

[01 17] In the first step, the first interiayer insulating film 2, the first wiring layer 3, the second interiayer insulating film 
45 4, the connection hole 5, the Nb liner film 6, and the first Al film 7 are formed on the silicon substrate 1 having an ele- 
ment (not shown) formed thereon. The Nb liner film 6 has a thickness of 15 nm, and the first Al film 7 has a thickness 
of 400 nm. Each of these films is formed by LTS as in the first embodiment. 

[0118] In the next step, Nb 12 is adsorbed as an agglomeration suppressing material for suppressing agglomera- 
tion of the first Al film 7 on the surface of the first Al film 7 by a sputtering method, as shown in FIG. 12B. The Nb film 
so thus formed is not a continuous film but is a discontinuous film formed apart from each other. Therefore, the surface of 
the first Al film 7 is partially exposed to the outside. 

[01 1 9] Then, the second AJ film is formed while heating the silicon substrate 1 so as to fill the connection hole 5 with 
the first and second Al film 9 including a Nb film or an NbAI alloy film 1 2\ as shown in FIG. 1 0C. In this step, the Al Nb 
alloy film 10 is formed at the interface between the Nb liner film 6 and the first and second AJ film 9. 
55 [0120] Finally, the excess portions of the first and second Al film 9, the AINb alloy film 10, and the Nb liner film 9, 
which are positioned outside the connection hole 5, are removed by CMP so as to finish forming the second wiring layer 
9. 

[0121] As already described in conjunction with the first embodiment, the first Al film 7 covering the inner surface 
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of the connection hole 5 provides the diffusion route of AI in the step of forming the second wiring layer 9 by the Al ref low 
method. In the subsequent sputtering step under heating of the second Al film, Al is fluidized along the diffusion route 
so as to fill the inner space of the connection hole 5. Therefore, if the first Al film 7 is agglomerated during the sputtering 
process performed under heating, the diffusion route is closed, resulting in failure for the inner space of the connection 
hole 5 to be filled with Al. 

[0122] As already described in conjunction with the first embodiment, the Al agglomeration is brought about by the 
surface diffusion and grain boundary diffusion of the Al atoms accompanying the heating of the substrate. Therefore, 
the Al agglomeration can be suppressed by suppressing the surface diffusion of the Al atoms. It follows that, if Nb par- 
ticles are adsorbed on the surface of the first Al film 7 as in this second embodiment, the Nb particles coupled with the 
Al atoms serve to suppress the surface diffusion of the Al atoms so as to suppress agglomeration of the first Al film 7, 
as in the first embodiment in which the oxygen atoms coupled with the Al atoms serve to suppress the surface diffusion 
of the Al atoms. 

[0123] In the process of Al ref low, the second Al film is fluidized along the first Al film 7 into the connection hole 5. 
At the same time, the first Al film 7 itself is deformed so as to contribute to the f luidization. 

[01 24] However, where a thick Nb film 1 2 is formed on the first Al film 7, the first Al f ilm 7 is unlikely to be deformed, 
as in the case where a thick oxide film is formed in the first embodiment, with the result that the first Al film 7 fails to be 
fluidized sufficiently so as to bring about an insufficient filling of the connection hole 5 with Al. Under the circumstances, 
it is desirable to form on the first Al film 7 a Nb film acting as an agglomeration suppressing film in a manner to form a 
discontinuous film on at least the inner surface of the connection hole 5. To form such a discontinuous Nb film, it is nec- 
essary to decrease the amount of Nb used. According to the research conducted by the present inventors, it is desirable 
use Nb in an amount sufficient for forming a Nb film having a thickness of about 5 nm. 

[01 25] Agglomeration of the first Al film 7 takes place in the thinnest portion of the film. To be more specific, agglom- 
eration of the first Al film 7 is most likely to take place in the side wail on the bottom portion of the connection hole 5. It 
should also be noted that LTS certainly permits improving the directivity of the sputtered particles. However, the sput- 
tered particles include oblique components, making it unavoidable for the first AI film 7 to overhang the upper open por- 
tion of the connection hole 5. In other words, the opening of the connection hole 5 is narrowed, making it difficult for the 
sputtered particles to run to reach the side wall of the bottom portion of the connection hole 5. As a result, it is difficult 
to form the first Al film 7 as a continuous film in the side wall on the bottom portion of the connection hole 5 so as to 
bring about agglomeration of Al. 

[01 26] On the other hand, when it comes to the Nb film 1 2 acting as an agglomeration suppressing film, no problem 
is generated even if the Nb film is formed by a sputtering method for making the Nb film discontinuous as described 
above. It is also possible to employ a CVD method that is satisfactory in the step coverage characteristics for permitting 
Nb particles to be adsorbed on the side wall on the bottom portion of the connection hole. Particularly, in the initial stage 
of the film formation by the CVD method, the CVD film grows in general in the shape of an island from the initial nucleus, 
making it possible to form the Nb film 12 such that the surface of the first Al film 7 is partially exposed to the outside. 
[01 27] It has been confirmed that, where the Nb film 1 2 is formed on the first Al film 7 as in this second embodiment, 
it is possible to fill the connection hole 5 having a high aspect ratio with Al, compared with the case where the Nb film 
12 is not formed. 

[0128] Also, in the DD structure of this second embodiment, the NbAI alloy film 12 within the second wiring layer 9 
serves to suppress diffusion of the Al atoms so as to improve the resistance to EM and the resistance to SM. 
[0129] In the second embodiment, Nb particles are adsorbed on the first Al film 7. However, it is also possible to 
form the Nb film 1 2 within the first Al film 7. To be more specific, it is possible to diffuse Nb into the first Al f ilm 7 as shown 
in FIG. 1 1 in place of the process shown in FIG. 10B. 

[01 30] Agglomeration of the Al film is brought about by the surface diffusion and the grain boundary diffusion of Al. 
Where Nb particles are dispersed into the first Al film 7 as shown in FIG. 1 1, the Al agglomeration can be suppressed 
by suppressing mainly the grain boundary diffusion of the Al atoms. Further, since Nb particles need not be adsorbed 
on the surface of the first Al film in this case, the surface of the first Al film 7 can be kept clean. As a result, the f lowability 
of the first Al film itself and the wettability between the first Al film 7 and the second Al film are not impaired so as to 
further improve the loading characteristics. 

[0131] It is also possible to disperse Nb acting as an agglomeration suppressing material on the atomic level into 
the first Al film 7, as shown in FIG. 12. In this case, Nb 13 is present at the grain boundary and on the surface of the Al 
crystal grains, with the result that it is possible to suppress the surface diffusion and the grain boundary diffusion of the 
Al atoms. It follows that the Al agglomeration can be suppressed more effectively. Further, since Nb 1 3 is present in this 
case within the first Al film 7, the first Al film 7 is deformed easily. In addition, the wettability between the first Al film 7 
and the second Al film is not impaired. It follows that it is possible to further improve the loading characteristics. 
[0132] Where Nb is adsorbed by the sputtering method on the first Al film 7 or is dispersed within the first Al film 7 
as shown in FIG. 1 0 or 1 1 , it is necessary to use a sputtering chamber for forming the first Al film 7 and another sput- 
tering chamber for adsorbing Nb. However, in the case of forming the first Al film 7 having Nb 13 dispersed therein as 
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shown in FIG. 12, it suffices to use a single sputtering chamber, provided that a Nb-added Al target is used, and, thus, 
the first Al film 7 having Nb 13 dispersed therein can be formed by a single sputtering step, leading to an improved 
through-put. It is also possible to save the cost of the manufacturing apparatus. 

[0133] A CVD method can also be employed for forming the first Al film 7 having Nb 13 dispersed therein. In this 
5 case, a mixed gas consisting of the raw material gas of Al and the raw material gas of Nb can be used as the raw mate- 
rial gas. Alternatively, the first Al film can be formed under the CVD condition that an impurity such as carbon acting as 
an agglomeration suppressing material, which is contained in the raw material gas used for forming an Al film, is 
retained within the formed Al film. The first Al film having Nb 13 dispersed therein can also be formed by forming first 
the first Al film 7, followed by implanting Nb ions into the first Al film 7. 
w [0134] In the second embodiment, Nb is used as an agglomeration suppressing material. However, the agglomer- 
ation suppressing material is not limited to Nb. To be more specific, in order to suppress agglomeration of the Al film, it 
suffices to suppress diffusion of the Al atoms on the surface, the grain boundary and the interface and, thus, it is pos- 
sible to use, for example, Ta, Ti, W, or C that is capable of suppressing the diffusion of the Al atoms. 
[0135] What should also be noted is that a synergetic effect can be obtained if the method of introducing oxygen 
15 after formation of the first Al film explained in conjunction with the first embodiment and the method of the second 
embodiment are used in combination so as to further improve the capability of filling the concave portion with Al. 

(Third Embodiment) 

20 [0136] FIGS. 13A to 13D are cross sectional views collectively showing a method of manufacturing a semiconduc- 
tor device according to a third embodiment of the present invention. Incidentally, those portions of FIGS. 13A to 13D 
which correspond to FIGS. 1A to 1F are denoted by the same reference numerals so as to avoid an overlapping 
description. 

[0137] In the first step, the first interlayer insulating film 2, the first wiring layer 3, the second interlayer insulating film 
25 4, the connection hole 5, and the Nb liner film 6 are formed on the silicon substrate 1 having an element (not shown) 
formed thereon. The Nb liner film 6 has a thickness of 15 nm and is formed by LTS as in the first embodiment. 
[01 38] Then, the first Al film (pure Al film) T that does not contain an impurity is formed by LTS in a thickness of 400 
nm in a manner to cover the inner surface of the connection hole 5, as shown in FIG. 1 3B. After formation of the first Al 
film 7\ the second Al film is formed while heating the silicon substrate 1 so as to fill the inner space of the connection 
30 hole 5 with first and second Al film 9, as shown in FIG. 13C. In this third embodiment, an Al alloy containing 1% by 
weight of Cu is used as the second Al film. Therefore, the first and second Al film 9 is a mixed film consisting of a pure 
Al film and an Al alloy film. Also, an AINb alloy film 1 0 is formed at the interface between the Nb liner film 6 and the first 
Alfilm 7\ 

[0139] Finally, the excess portions of the first and second Al film 9, the AINb alloy film 10 and the Nb liner film 6 
35 which are positioned outside the connection hole 5 are removed by CMP, as shown in FIG. 13D so as to finish forming 
the second wiring 9. 

[0140] In this third embodiment, a pure Al film that does not contain an impurity is used as the first Al film. The 
agglomerating behavior of a thin film is deeply related to the melting point of the material. The temperature at which 
agglomeration takes place is lowered with decrease in the melting point of the material. It should be noted in this con- 
40 nection that the melting point of the Al alloy film containing an impurity such as Cu is lower than that of a pure Al film. 
Therefore, in order to suppress agglomeration of the first AJ film 7, it is desirable to use a pure Ai film that does not con- 
tain an additive in place of an Al alloy film containing an impurity such as Cu. 

[0141] On the other hand, an Al film containing an impurity such as Cu has a low melting point and, thus, the flow- 
ability of the Al film is increased. Thus, it is desirable to use an Al film containing ah additive effective for lowering the 
45 melting point, i.e., for improving the flowability, such as Cu for forming the second Al film that is formed by a sputtering 
method performed under heating while fluidizing the Al film. 

[0142] Further, Cu contained in the Al film is precipitated at the Al crystal grain boundary in the temperature drop- 
ping process after the ref low process. It should be noted that the migration of the Al atoms by EM tends to take place 
at the crystal grain boundary or on the surface having a small diffusion coefficient. Therefore, the resistance to EM can 

so be improved, if Cu is added to the Al film. 

[0143] As described above, in the case of using a pure Al film as the first Ai film and an Al alloy film containing Cu 
as the second Al film as in the third embodiment of the present invention, it is possible to suppress agglomeration of Al 
even if an agglomeration suppressing material is not used. It should also be noted that Cu is diffused into the first Al film 
during the sputtering process performed under heating, with the result that Cu is finally added to the entire first and sec- 

55 ond Al film 9. As a result, the connection hole 5 can be filled with Al and the resistance to EM can be ensured. 

[0144] The addition amount of Cu to Al can be controlled freely depending on the ratio in thickness of the first Al 
film 7 to the second Al film by adding a desired amount of Cu to the sputter target in the step of forming the second Al 
film. 
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[0145] What should also be noted is that a synergetic effect can be obtained if the method of introducing oxygen 
after formation of the first Al film explained in conjunction with the first embodiment and the method of the third embod- 
iment are used in combination so as to further improve the capability of filling the concave portion with Al. 
[0146] The present invention is not limited to the embodiments described above. For example, a Nb film is used as 

5 the liner film in each of the embodiments described above. However, it is also possible to use as the liner film various 
other films including, for example, a NbN film, a TIN film, a Ti film, a Nb/NbN film consisting of a Nbfilm and a NbN film 
formed on the Nb film, and a Ti/TiN film consisting of a Ti film and a TiN film formed on the Ti film. 
[0147] Also, the technical idea of the present invention can be applied to a contact plug in addition to the 
damascene wiring. Further, various other modifications are available within the technical scope of the present invention. 

10 [0148] As described above in detail, agglomeration of the first and second conductive films can be effectively sup- 
pressed in the present invention by subjecting the first and second conductive films to a reflow process under the con- 
dition that an agglomeration suppressing material is contained in the first conductive film. As a result, it is possible to 
provide a semiconductor device having a wiring structure in which the inner space of a concave portion having a high 
aspect ratio is filled with the wiring layer. 

15 

Claims 

1 . A semiconductor device, characterized by comprising : 

20 a semiconductor substrate (1 ) ; 

an interlayer insulating film (4) formed on one main surface of said semiconductor substrate (1) and having a 
concave portion; 

a liner film (6) formed on the inner surface of said concave portion; 

a wiring layer (9) formed inside the concave portion with said liner film (6) interposed therebetween; and 
25 an agglomeration suppressing material contained in said wiring layer for suppressing agglomeration of the 

material constituting the wiring layer (9). 

2. The semiconductor device according to claim 1 , characterized in that said agglomeration suppressing material is 
selected from the group consisting of O, N, Nb, Ta, Ti, W and C. 

30 

3. The semiconductor device according to claim 1 , characterized in that said liner film is of a single layer structure or 
a laminate structure made of a material selected from the group consisting of Nb, Ti, NbN and TiN. 

4. The semiconductor device according to claim 1 , characterized in that said wiring layer is made of a metal selected 
35 from the group consisting of Al, Cu, an Al alloy, and a Cu alloy. 

5. The semiconductor device according to claim 1, characterized in that said concave portion is selected from the 
group consisting of a wiring groove, a connection hole, and a combination of a connection hole and a wiring groove 
communicating with said connection hole. 



40 



6. A semiconductor device, characterized by comprising: 



a semiconductor substrate (1); 

an interlayer insulating film (4) formed on one main surface of said semiconductor substrate (1) and having a 
45 concave portion; 

a liner film formed on the inner surface of said concave portion; 

a wiring layer (9) formed inside the concave portion with said liner (6) film interposed therebetween; 
an agglomeration suppressing material contained in said wiring layer for suppressing agglomeration of the 
material constituting the wiring layer (9); and 
so a layer (1 0) of reaction product between the material constituting the liner film and the material constituting the 

wiring layer, said reaction product layer being formed at any one of the interface between said liner film and 
said wiring layer and the interface between said interlayer insulating film and said wiring layer. 

7. The semiconductor device according to claim 6, characterized in that said agglomeration suppressing material is 
ss selected from the group consisting of O, N, Nb, Ta, Ti, W and C. 

8. The semiconductor device according to claim 6, characterized in that said liner film is of a single layer structure or 
a laminate structure made of a material selected from the group consisting of Nb, Ti, NbN and TiN. 



14 



EP1 039 531 A2 



9. The semiconductor device according to claim 6, characterized in that said wiring layer is made of a metal selected 
from the group consisting of Al, Cu, an Al alloy, and a Cu alloy. 

10. The semiconductor device according to claim 6, characterized in that said concave portion is selected from the 
5 group consisting of a wiring groove, a connection hole, and a combination of a connection hole and a wiring groove 

communicating with said connection hole. 

11. The semiconductor device according to claim 7, characterized in that said reaction product layer is formed discon- 
tinuous. 

10 

12. A method of manufacturing a semiconductor device, characterized in that comprising the steps of: 

forming an interlayer insulating film (4) having a concave portion on a semiconductor substrate (1); 
forming a liner film (6) on the inner surface of said concave portion; 
is forming a first conductive film (7) within the concave portion, said first conductive film (7) containing an agglom- 

eration suppressing material for suppressing agglomeration of said first conductive film (7); and 
forming a second conductive film (9) within the concave portion while heating said semiconductor substrate (1) 
and permitting ref low of said first and second conductive films to fill the concave portion with these conductive 
films. 

20 

13. The method of manufacturing a semiconductor device according to claim 12, characterized in that said agglomer- 
ation suppressing material is adsorbed on the surface of said first conductive film after formation of said first con- 
ductive film. 

25 14. The method of manufacturing a semiconductor device according to claim 12, characterized in that said agglomer- 
ation suppressing material is introduced into said firs conductive film during formation of said first conductive film. 

15. The method of manufacturing a semiconductor device according to claim 12, characterized in that said first con- 
ductive film is formed by shaping a conductive material containing said agglomeration suppressing material into a 

30 film. 

16. The method of manufacturing a semiconductor device according to claim 12, characterized in that said agglomer- 
ation suppressing material is selected from the group consisting of O, N, Nb, Ta, Ti, W and C. 

35 1 7. The method of manufacturing a semiconductor device according to claim 1 2, characterized in that said liner film is 
a single layer structure or a laminate structure and made of a material selected from the group consisting of Nb, Ti, 
NbN and TIN. 

18. The method of manufacturing a semiconductor device according to claim 12, characterized in that said conductive 
40 film is formed of a metal selected from the group consisting of Al, Cu, an Al alloy and a Cu alloy. 

19. The method of manufacturing a semiconductor device according to claim 12, characterized in that said concave 
portion is selected from the group consisting of a wiring groove, a connection hole and a combination of a connec- 
tion hole and a wiring groove communicating with said connection hole. 

45 

20. A method of manufacturing a semiconductor device, characterized by comprising the steps of: 

forming an interlayer insulating film (4) having a concave portion on a semiconductor substrate (1); 
forming a liner film (6) on the inner surface of said concave portion; 
so forming a first conductive film (7) that does not contain impurities within the concave portion; and 

forming a second conductive film (9) containing an impurity within said concave portion while heating the sem- 
iconductor substrate (1) and permitting ref low of said first and second conductive films (7, 9) to fill the concave 
portion with the conductive films (7, 9). 

55 21- The method of manufacturing a semiconductor device according to claim 20, characterized in that said first and 
second conductive films is made of Al and said impurity is Cu. 

22. Hie method of manufacturing a semiconductor device according to claim 20, characterized in that said liner film is 
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a single layer structure or laminate structure and made of a material selected from the group consisting of Nb, Ti, 
NbN and TiN. 

23. The method of manufacturing a semiconductor device according to claim 20, characterized in that said concave 
5 portion is selected from the group consisting of a wiring groove, a connection hole and a combination of a connec- 
tion hole and a wiring groove communicating with said connection hole. 
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